Despite recent advances in therapeutics, diabetic retinopathy remains a leading cause of vision impairment. Improvement in the treatment of diabetic retinopathy requires a better understanding of the molecular mechanisms that cause neurovascular complications, particularly in type 2 diabetes. Recent studies demonstrate that rodents fed a high fat diet exhibit retinal dysfunction concomitant with attenuated Akt phosphorylation. The purpose of the present study was to evaluate the impact of a high fat/high sucrose diet on retinal insulin signaling and evaluate the mechanism(s) responsible for the changes. Mice fed a high fat/sucrose diet exhibited attenuated Akt phosphorylation in the retina as compared with mice fed normal chow. Retinas of mice fed a high fat/sucrose diet also exhibited elevated levels of activated JNK as well as enhanced p70S6K1 autoinhibitory domain phosphorylation. In cells, JNK activation enhanced p70S6K1 phosphorylation and mTORC1-dependent activation of the kinase, as evidenced by enhanced phosphorylation of key substrates. Rictor phosphorylation by p70S6K1 was specifically enhanced by the addition of phosphomimetic mutations in the autoinhibitory domain and was more sensitive to inhibition of the kinase as compared with rpS6. Notably, rictor and IRS-1 phosphorylation by p70S6K1 attenuate insulin action through a negative feedback pathway. Indeed, p70S6K1 inhibition prevented the repressive effect of JNK activation on insulin action in retinas. Overall, the results identify the JNK/S6K1 axis as a key molecular mechanism whereby a high fat/sucrose diet impairs insulin action in retina. . 2 The abbreviations used are: IRS1/2, insulin receptor substrate 1/2; PDK1, phosphoinositide-dependent kinase 1; mTORC2, mammalian target of rapamycin (mTOR) in complex 2; p70S6K1, 70-kDa ribosomal protein S6 kinase 1; D 3 E, S411D/S418D/T421E/S424D; DKO, double knock-out; MEF, mouse embryonic fibroblasts.
Diabetic retinopathy is the leading cause of vision loss in working age Americans. Almost everyone with type 1 diabetes and most people with type 2 diabetes develop retinopathy within two decades of disease onset (1) . The incidence of type 2 diabetes is rapidly on the rise and accounts for up to 95% of diabetes prevalence (2) . However, the overwhelming majority of experimental studies on diabetic retinopathy have been performed using animal models of type 1 diabetes. Development of type 2 diabetes is associated with consumption of a diet containing high fat and sucrose content, which has become extremely common in Western populations (3) . Thus, in the present study we set out to investigate potential mechanisms whereby a Western diet contributes to diabetes-induced vision loss.
Diabetic retinopathy is caused by a combination of hyperglycemia and a reduction in insulin-mediated signaling, which results in neurovascular changes in the retina. Insulin provides a protective neurotrophic stimulus to retina by activating the protein kinase Akt through a signaling pathway involving the insulin receptor substrate 1/2 (IRS1/2) 2 (4) . In response to insulin, the activation loop of Akt is phosphorylated at Thr-308 by phosphoinositide-dependent kinase 1 (PDK1) (5) , whereas the C-terminal hydrophobic motif is phosphorylated at Ser-473 by mTORC2 (mammalian target of rapamycin (mTOR) in complex 2) (6) . Insulin-induced phosphorylation of Akt at Thr-308 occurs before Ser-473 (7) , and phosphorylation of both residues produces higher in vitro kinase activity (8) ; thus, phosphorylation of Ser-473 is a key indicator of Akt activity.
In addition to mTORC2, insulin also promotes activation of mTORC1 and the subsequent phosphorylation and activation of the 70-kDa ribosomal protein S6 kinase 1 (p70S6K1). Chronic activation of p70S6K1 induces cellular insulin resistance by a mechanism known as the "negative-feedback loop" (9, 10) , whereby p70S6K1 directly phosphorylates IRS1/2 (11) and the mTORC2 subunit rictor (rapamycin-insensitive companion of TOR) (12) on inhibitory residues to suppress insulin signaling to Akt. Like other AGC kinases, p70S6K1 has a bilobal fold structure with coordinating N-and C-terminal lobes (13) . Regulation of p70S6K1 occurs through complex multisite phosphorylation whereby full activation of the kinase requires phosphorylation of both the hydrophobic motif at Thr-389 and the activation loop of catalytic domain at Thr-229 (14, 15) . When dephosphorylated, a basic pseudo-substrate domain within the C-terminal lobe serves an autoinhibitory role by blocking the kinase domain (16) . Phosphorylation of the pseudo-substrate domain relieves autoinhibition of the kinase by inducing a conformational change that allows for subsequent phosphorylation by mTORC1 and PDK1 at Thr-389 and Thr-229, respectively (17) .
Our laboratory (19) and others (18) recently reported that the c-Jun N-terminal kinase/stress-activated protein kinase (JNK/SAPK) phosphorylates the pseudo-substrate domain of p70S6K1. The chronic inflammatory response associated with type 2 diabetes is characterized by abnormal cytokine production and activation of JNK (20, 21) . Mice consuming a high fat diet exhibit early inflammasome activation within inner retinal layers and induction of JNK (22) . Activation of JNK by proinflammatory cytokines inhibits insulin action at least in part by promoting inhibitory serine phosphorylation and degradation of IRS1/2 (23) . Thus, the inhibitory effects of JNK activation on insulin action are potentially mediated through enhanced p70S6K1 activation. In this regard, both p70S6K1 (24) and JNK knock-out mice (20) are protected against diet-induced insulin resistance, suggesting that JNK-mediated activation of p70S6K1 potentially represents a key molecular mechanism whereby diet-induced inflammation attenuates insulin action in the retina leading to diabetes-induced vision loss.
Recent studies demonstrate high fat diet-induced retinal degeneration (25) and impaired retinal function (22, 26) in rodent models of type 2 diabetes. Moreover, these studies show attenuation of Akt phosphorylation in synaptic layers of the retina concomitant with high fat diet-induced retinal dysfunction (25, 26) . The attenuation of Akt phosphorylation is most clearly observed in the outer segments of the outer plexiform layer, which is made up of synapses between photoreceptors, bipolar cells, and horizontal cells. The goal of the present study was to assess the development of insulin resistance in the retina of mice fed a Western diet (i.e. one containing high fat and sucrose content) using phosphorylation of Akt as a biomarker and to evaluate the mechanism(s) responsible for the observed changes. In support of the previous reports, we found that Akt phosphorylation was attenuated in the retina of mice after 2-weeks of consuming a Western diet. Of significance, the retina of mice fed a Western diet exhibited activated JNK as well as enhanced phosphorylation of p70S6K1 at Thr-421/Ser-424. We also present evidence that activation of the JNK signaling pathway represses insulin action through phosphorylation and activation of p70S6K1. Indeed, p70S6K1 inhibition was sufficient to prevent the repressive effect of JNK activation on insulin action in explant retinas.
Results
Attenuated Akt Phosphorylation and Activation of JNK in the Retina of Mice Fed a Western Diet-Mice fed a Western diet for 2-weeks exhibited slightly elevated but not statistically different body weight (25.5 Ϯ 1.1 versus 23.8 Ϯ 0.6 g; p ϭ 0.23) and blood glucose concentrations (189.5 Ϯ 27.7 versus 163.5 Ϯ 28.0 mg/dl; p ϭ 0.53) as compared with mice receiving a control chow diet. Activation of Akt was assessed in the retina by examining its phosphorylation state. Phosphorylation of Akt on Ser-473 was attenuated in the retina of mice fed a Western diet for 2-weeks, as compared with mice receiving a control chow diet ( Fig. 1A) . One potential mechanism responsible for attenuated Akt phosphorylation is activation of JNK, which has been implicated in the development of complications associated with type 2 diabetes (20) . Although the relative phosphorylation of JNK on Thr-183/Tyr-185 was similar ( Fig. 1B) , JNK expression was enhanced in the retina of mice fed a Western diet (Fig. 1C ). Thus, phosphorylated JNK ( Fig. 1D ) as well as phosphorylation of its most well established substrate, c-Jun (Fig. 1E ), were both enhanced in the retina of mice fed a Western diet. Phosphorylation of p70S6K1 on Thr-421/Ser-424 ( Fig. 1F ) and Thr-389 ( Fig. 1G ) was also elevated in the retina of mice fed a Western diet as compared with mice receiving a control diet. To assess the effect of a Western diet on p70S6K1 activity, we evaluated phosphorylation of rpS6 and rictor. As expected, phosphorylation of rpS6 on Ser-240/244 ( Fig. 1H ) and rictor on Thr-1135 ( Fig. 1I ) was enhanced in the retina of mice fed a Western diet, as compared with mice fed a control diet.
The JNK Agonist Anisomycin Promotes p70S6K1 Phosphorylation and Activation of the Kinase-To further investigate the effect of JNK activation on p70S6K1, HEK293E cells were chosen as a model system to directly manipulate these signaling pathways. After serum deprivation to reduce p70S6K1 phosphorylation, cells were treated with the JNK agonist anisomycin and/or insulin. Anisomycin enhanced phosphorylation of c-Jun on Ser-63 ( Fig. 2A ), whereas both insulin and anisomycin promoted p70S6K1 phosphorylation on Thr-421/Ser-424 ( Fig. 2B ). This is consistent with our report that JNK and mTORC1 coordinate phosphorylation of the p70S6K1 C-terminal domain (19) . Similarly, administration of either insulin or anisomycin enhanced p70S6K1 phosphorylation on Thr-389 ( Fig. 2C ). Moreover, p70S6K1 phosphorylation at both Thr-421/424 and Thr-389 was increased to a greater extent in response to combined insulin and anisomycin treatment as compared with either one (Fig. 2 , B and C). We assessed the effect of JNK activation on p70S6K1 activity by evaluating phosphorylation of rpS6, rictor, and eIF4B as well as expression of PDCD4. When cells were treated with either insulin or anisomycin, phosphorylation of rpS6 on Ser-240/244 was enhanced ( Fig. 2D ). Moreover, both insulin and anisomycin enhanced rictor phosphorylation on Thr-1135 ( Fig. 2E ) and eIF4B phosphorylation on Ser-422 ( Fig. 2F) ; however, the effect of anisomycin on these sites was less than that of insulin alone, and no additive effect of insulin and anisomycin was observed. Phosphorylation of PDCD4 by p70S6K1 leads to its proteasome-dependent degradation (27) . PDCD4 expression was reduced after administration of either insulin or anisomycin, and the effects were synergistic ( Fig. 2G ). Notably, anisomycin-induced phosphorylation of rpS6, rictor, eIF4B, and degradation of PDCD4 were absent in cells deficient for S6K1/2 ( Fig. 2H ). Overall, these findings demonstrate that JNK activation modulates phosphorylation of various p70S6K1 substrates.
JNK Promotes p70S6K1 Phosphorylation and Facilitates mTORC1-dependent Activation of the Kinase-To further evaluate the role of JNK in activation of p70S6K1, we expressed a fusion protein composed of JNK1 and its activating kinase, MKK7, that allows for constitutive phosphorylation and activation of the expressed JNK1 (28) . As a negative control, we used a variant of the fusion protein with mutations in the activating JNK1 phosphorylation sites (Thr-183/Tyr-185) that results in a JNK1 variant that cannot be activated (referred to hereafter as inactive JNK) (28) . To ensure that mTORC1 signaling was active, cells were deprived of serum for 2 h and then treated with IGF1 to activate the kinase. As shown in Fig. 3A , IGF1 potently activated mTORC1, as assessed by phosphorylation of p70S6K1 and its downstream targets. Interestingly, IGF1 and anisomycin acted in an additive manner to promote phosphorylation of rictor and eIF4B but not rpS6 (Fig. 3A) . Similarly, expression of active, but not inactive JNK enhanced p70S6K1 phosphorylation at Ser-421/Thr-424 as well as phosphoryla-tion of rictor and eIF4B, but not rpS6, in IGF1-treated cells ( Fig.  3B ). On the other hand, knockdown of JNK with siRNA attenuated p70S6K1 phosphorylation on Thr-421/Ser-424 as well as phosphorylation of rpS6, rictor, and eIF4B ( Fig. 3C) . Similarly, anisomycin failed to promote phosphorylation of the p70S6K1 autoinhibitory domain or activation of the kinase in JNK1-deficient cells (Fig. 3D ). Because both mTORC1 and JNK can phosphorylate the p70S6K1 autoinhibitory domain, we evaluated the role of mTORC1 in JNK-dependent activation of p70S6K1. Cells were treated with anisomycin in combination with either the mTORC1 inhibitor rapamycin or the mTORC1/2 inhibitor TORIN2. As expected, inhibition of mTORC1 attenuated but did not prevent the anisomycin-induced phosphorylation of p70S6K1 on Thr-421/Ser-424 ( Fig.  3E ). Notably, although treatment with rapamycin or TORIN2 had no effect on anisomycin-induced phosphorylation of JNK or c-Jun, both compounds dramatically attenuated phosphorylation of rpS6, rictor, and eIF4B ( Fig. 3E ). These findings suggest that JNK activation modulates p70S6K1 activity in an mTORC1-dependent manner.
Acidic Mutations in the Autoinhibitory Domain of p70S6K1 Promote Rictor Phosphorylation-It was previously demonstrated that phosphorylation sites in the autoinhibitory domain of p70S6K1 promoted its phosphorylation at Thr-229 by PDK1 and enhanced activity of the kinase toward rpS6 C-terminal peptides in vitro (29) . Importantly, mTORC1-dependent phosphorylation of the linker domain at Thr-389 is necessary for activation loop phosphorylation at Thr-229 and, thus, activity of the kinase (30) . In agreement with these previous studies, mutation of Thr-389 to a phosphomimetic Glu residue was sufficient to promote p70S6K1 phosphorylation on Thr-229 even in cells deprived of serum and treated with rapamycin to prevent Thr-389 phosphorylation ( Fig. 4A ). Moreover, when combined with the T389E mutation, phosphomimetic substitutions in the autoinhibitory domain (i.e. S411D/S418D/ T421E/S424D also known as D 3 E) enhanced Thr-229 phosphorylation to a greater extent compared with T389E alone. To determine the effect of these variant constructs on signaling downstream of p70S6K1, we assessed rpS6, rictor, and eIF4B phosphorylation. The overall level of rpS6 ( Fig. 4B ), rictor (Fig.  4C ), and eIF4B ( Fig. 4D ) phosphorylation was greatest with expression of the T389E/D 3 E variant, whereas phosphorylation of these substrates by the T389A/D 3 E variant was not different from wild-type p70S6K1. However, in combination with T389E, the D 3 E mutation did not enhance phosphorylation of rpS6 or eIF4B as compared with T389E alone. Alternatively, rictor phosphorylation at Thr-1135 was enhanced by the D 3 E/T389E variant as compared with the T389E variant ( Fig. 4C ). Thus, phosphorylation of the p70S6K1 autoinhibitory domain may be particularly important with regards to phosphorylation of rictor.
Variance in PF-47086 Sensitivity of p70S6K1 Substrate Phosphorylation Sites-Many multitarget protein kinases exhibit variability in their Michaelis-Menten constants (K m ) for differ- ent substrates. An estimate of the K m of a kinase for its substrates can be obtained by treating cells with various concentrations of a selective kinase inhibitor and subsequently assessing the phosphorylation of downstream targets (e.g. Ref. (31) . Therefore, in the present study cells were treated with increasing concentrations of the p70S6K1-specific inhibitor PF-4708671, and phosphorylation of rictor was compared with that of rpS6. In cells maintained in complete culture media, phosphorylation of rictor exhibited increased sensitivity toward PF-4708671 as compared with phosphorylation of rpS6 ( Fig. 5A) . Similarly, when cells were serum-deprived and stimulated with anisomycin, a much lower concentration of PF-4708671 was sufficient to attenuate phosphorylation of rictor as compared with rpS6 ( Fig. 5B ). Moreover, insulin and/or anisomycin promoted rpS6 phosphorylation on Ser-240/244 in cells treated with PF-470861; however, the effect was attenuated as compared with untreated cells (Fig. 5C ). Alternatively, insulin and anisomycin failed to enhance rictor phosphoryla-tion in cells treated with PF-470861. Overall, the results suggest that p70S6K1 has less affinity for rictor as compared with rpS6.
Activation of JNK Represses Insulin Action through a p70S6K1dependent Mechanism-It has been previously demonstrated that p70S6K1-mediated phosphorylation of rictor at Thr-1135 suppresses mTORC2-dependent phosphorylation and activation of Akt (12) . Based on the finding that rictor phosphorylation was more sensitive to modulation of the kinase activity as compared with rpS6, we investigated the hypothesis that JNK attenuates insulin action by enhancing p70S6K1 activity. Expression of active JNK repressed insulin-stimulated phosphorylation of Akt on Ser-473 ( Fig. 6A) . Similarly, when cells were treated with anisomycin, insulin-stimulated phosphorylation of Akt on Ser-473 was also attenuated (Fig. 6B) .
In addition to rictor phosphorylation, p70S6K1 also represses insulin action and thus Akt phosphorylation through inhibitory serine phosphorylation of IRS-1 (9) . When cells were treated with anisomycin, phosphorylation of IRS-1 on Ser-636/ 639 was enhanced (Fig. 6C) . Similarly, phosphorylation of IRS-1 at Ser-636/639 was elevated in the retina of mice fed a Western diet (Fig. 6D) , consistent with the idea that activation of the JNK/S6K1 axis promotes negative feedback. Importantly, the effect of anisomycin on IRS-1 phosphorylation was absent in cells deficient for S6K1/2, showing that JNK1-induced IRS-1 phosphorylation requires these proteins (Fig. 6E ). Furthermore, the effect of anisomycin on IRS-1 phosphorylation was attenuated by either rapamycin or TORIN2 (Fig. 6F ) in a manner that was consistent with p70S6K1 substrate phosphorylation observed in Fig. 3D . This supports the previous report that mTOR and JNK play coordinating roles in IRS-1 serine phosphorylation (32) . The repressive effect of JNK activation on Akt phosphorylation is further supported by the finding that in combination with IGF1, anisomycin enhanced IRS-1 phosphorylation at Ser-636/639 and prevented Akt phosphorylation at Ser-473 ( Fig. 6G ). To further explore how p70S6K1 phosphorylation is enhanced over time, leading to repressed Akt phosphorylation, we performed a time-course where cells were treated with insulin in the presence or absence of anisomycin. Whereas insulin caused a progressive enhancement in p70S6K1 phosphorylation at Thr-421/Ser-424 over 60 min, the combination of insulin and anisomycin maximally enhanced p70S6K1 phosphorylation at Thr-421/Ser-424 after just 30 s and was associated with attenuated phosphorylation of Akt at Ser-473 ( Fig. 6H) . Thus, anisomycin-induced p70S6K1 autoinhibitory domain phosphorylation is associated with attenuated insulin-stimulated Akt phosphorylation. To evaluate the effect of p70S6K1 activation on insulin-stimulated Akt phosphorylation, we performed chemical inhibition of p70S6K1 with PF-4708671. PF-4708671 promoted insulinstimulated phosphorylation of Akt on Ser-473 in a dose-dependent manner (Fig. 7A ). Whereas anisomycin attenuated insulin-stimulated Akt phosphorylation, cells treated with PF-470861 in combination with insulin and anisomycin exhibited similar Akt Ser-473 phosphorylation as cells treated with insulin alone (Fig. 7B ). Despite the presence of the p70S6K1 inhibitor, anisomycin still modestly reduced insulin-stimulated phosphorylation of Akt at Ser-473 as compared with cells treated with insulin and PF-4708671 alone. Thus, JNK activation may also work through p70S6K1-independent mechanisms. Notably, anisomycin-induced phosphorylation of IRS-1, rictor, and rpS6 was absent in cells deficient for S6K1/2 but could be rescued with expression of S6K1 (Fig. 7C ). Alternatively, expression of S6K2 was sufficient for anisomycin-induced rpS6 phosphorylation and modestly facilitated rictor phosphorylation. However, S6K2 was insufficient for anisomy-cin-induced IRS-1 phosphorylation. Thus, some of the effects of JNK activation on negative feedback pathways downstream of S6K1/2 may be facilitated by S6K2, but these effects were largely S6K1-dependent.
Inhibition of p70S6K1 Maintains Insulin Action in Retinal Tissue upon JNK Activation-A retina explant system was used to evaluate the effect of JNK activation and p70S6K1 inhibition on insulin action in retinal tissue. In support of our findings in cells in culture, anisomycin-induced JNK activation enhanced phosphorylation of p70S6K1 at Thr-421/Ser-424 and c-Jun at Ser-63 in retinal explants (Fig. 7D) . Moreover, insulin enhanced phosphorylation of Akt on Ser-473, whereas JNK activation with anisomycin prevented the effect. Alternatively, when retinas were treated with the p70S6K1 inhibitor PF-4708671, insulin-stimulated phosphorylation of Akt at Ser-473 was similar in the presence and absence of JNK activation. Thus, p70S6K1 inhibition blocked the repressive effect of JNK activation on insulin action in retina.
Discussion
In the present study we set out to investigate the early impact of a high fat/sucrose diet on insulin signaling in retina and explore the mechanisms responsible for the observed changes. Overall, the findings support a model where diet-induced JNK activation represses insulin action through p70S6K1-dependent negative feedback (Fig. 7B) . A link between inflammation and insulin resistance in the retina has been previously proposed (33) , yet direct evidence for the molecular mechanism has remained limited. High fat diet-induced retinal inflammation was recently reported in rodent models of type 2 diabetes (22, 34) . Notably, feeding a high fat diet induces inflammatory markers and JNK phosphorylation in the inner retina before the onset of electroretinogram abnormalities or detectable vascular disease (22) , suggesting that JNK activation is an early event in disease progression. Herein we extend the previous studies by demonstrating that JNK acts to modulate phosphorylation of substrates downstream of S6K1/2 by enhancing the phosphorylation of residues on rictor and IRS1 that are associated with attenuated insulin action.
In the retina of mice fed a Western diet for 2 weeks, Akt phosphorylation was attenuated as compared with control mice fed a control chow diet. Rodent models of type 1 diabetes exhibit progressive impairment of retinal insulin receptor signaling through Akt and suggest that attenuation of this pathway contributes to early stages of disease progression (35) . In models of type 1 diabetes, attenuated Akt activity in the retina is typically reported in the absence of a change in the phosphorylation state of the protein (e.g. Ref. 35) . Alternatively, attenuated retinal Akt phosphorylation has been observed in models of type 2 diabetes and was associated with high fat diet-induced retinal dysfunction (25, 26) . Thus, the mechanisms whereby Akt signaling is impaired in type 1 and 2 diabetes are potentially different. However, enhanced JNK activity has been reported both in the retina of rats after streptozotocin administration (36) as wll as in the retina of mice consuming a high fat diet (22) .
In addition to being regulated by phosphorylation in response to cell stress, JNK is also regulated by gene expression (37) . In the present study retinas of mice fed a Western diet for 2 weeks exhibited elevated levels of activated JNK. However, with longer periods of high fat feeding this may not be the case. In the retina of mice fed a high fat diet for 3-12 months, no change in JNK expression was observed; however, JNK phosphorylation was elevated relative to expression of the protein (22) . In the present study, JNK activation enhanced p70S6K1 phosphorylation and mTORC1-dependent activation of the kinase, as evidenced by enhanced phosphorylation of rpS6, eIF4B, rictor, and serine residues on IRS-1. Because rictor and IRS-1 phosphorylation by p70S6K1 attenuate insulin action upstream of Akt, JNK-mediated activation of p70S6K1 must be sufficient to promote kinase activity despite attenuated activation of Akt. Notably, anisomycin promoted phosphorylation of the p70S6K1 hydrophobic motif at Thr-389, a site most closely linked to mTORC1 kinase activity. Previous reports demon-strate that in response to osmotic stress, JNK promotes p70S6K1 phosphorylation at Thr-389 by directly phosphorylating raptor, a component of mTORC1 (38) . This is in contrast to a more recent report that JNK contributes to disassociation of mTORC1 via direct phosphorylation of raptor and mTOR in response to proteotoxic stress (39) . One possible explanation to reconcile these findings is that JNK-mediated phosphorylation of the p70S6K1 autoinhibitory domain is sufficient to promote mTORC1-dependent phosphorylation of Thr-389 despite attenuated mTORC1 activity (i.e. JNK phosphorylation makes p70S6K1 a better substrate for a less active mTORC1). This is consistent with the idea that phosphorylation of the C-terminal domain induces a conformational change in p70S6K1 that facilitates subsequent phosphorylation and ultimately full activation (17) . FIGURE 6 . JNK activation represses insulin action through an S6K1/2-dependent mechanism. A, HEK293E cells in culture were maintained in DMEM supplemented with 10% FBS. Cells were transfected with active JNK, inactive JNK, or an empty vector control (EV) as described in Fig. 3B . Cells were serumdeprived for 2 h to repress phosphorylation of S6K1 followed by treatment with insulin (Ins, 100 nM) as indicated. Blots shown in A are representative of four experiments performed in triplicate. Protein loading was assessed by Ponceau S. Phosphorylation of Akt on Ser-473 (B) and IRS-1 on Ser-636/639 (C) were evaluated by Western blotting in cells after 2 h of serum deprivation followed by treatment with insulin (Ins) and/or anisomycin (20 M) for 30 min. Values are the means Ϯ S.E. Statistical significance is denoted by the presence of different letters above the scatter plots on the graphs. Scatter plots with different letters are statistically different, p Ͻ 0.05. D, mice were fed either a Western (W) or control (C) diet as described in Fig. 1 . Phosphorylation of IRS-1 on Ser-636/639 was assessed in retinal lysates by Western blotting. Values are the means Ϯ S.E. Statistical significance is denoted by *; p Ͻ 0.05 versus control diet. Blots are representative of two experiments; within an experiment, three independent replicates were analyzed. E, wild-type and S6K1/2 knock-out MEF were serumdeprived for 2 h and then treated with anisomycin and/or insulin as described above. F, HEK293E cells were serum-deprived 2 h and then treated with anisomycin, rapamycin (100 nM, Rapa), TORIN2 (10 nM, TORIN), or a combination as indicated for 30 min. G, HEK293E cells in culture were maintained in DMEM supplemented with 10% FBS and serum-deprived for 2 h to repress phosphorylation of p70S6K1. Cells were then treated with anisomycin and/or IGF1 (10 ng/ml) as indicated for 30 min. H, HEK293E cells in culture were maintained in DMEM supplemented with 10% FBS or serum-deprived for 2 h followed by treatment with insulin or a combination of insulin and anisomycin for 0.5-60 min as indicated. Results shown in A, B-D, and E-H are representative of four, two, and three independent experiments, respectively; within each experiment two or three independent samples were analyzed. Protein molecular mass in kDa is indicated at the left of the blots.
Notably, cells treated with insulin and anisomycin exhibited no further activation of p70S6K1 (based on phosphorylation of rpS6, rictor, and eIF4B) than cells treated with insulin alone. However, anisomycin enhanced IRS-1 phosphorylation, whereas insulin had no effect. This finding would seem to suggest that JNK is responsible for IRS-1 phosphorylation. However, anisomycin-induced IRS-1 phosphorylation at Ser-636/639, both, required S6K1/2 and was rapamycin-sensitive. One of the simplest explanations for these findings is that p70S6K1-dependent phosphorylation of IRS-1 at Ser-636/639 requires prior phosphorylation by JNK. Indeed, JNK co-immunoprecipitates with IRS-1 and phosphorylates the protein in a manner that is dependent on Ser-307 (40) . Together these findings are consistent with a model wherein IRS-1 phosphorylation at Ser-307 by JNK is permissive of phosphorylation at Ser-636/639 by p70S6K1 (Fig. 7E) .
The JNK inhibitor SP600125 was recently found to have protective effects on hyperglycemia-induced renal damage in a mouse model of type 1 diabetes (41) . Although cells treated with SP600125 exhibit attenuated phosphorylation of the p70S6K1 autoinhibitory domain (18, 19) , the use of this chemical inhibitor fails to provide meaningful insight into the role of JNK or the JNK/S6K1 axis per se, as SP600125 is equally effective at direct inhibition of a number of other kinases including p70S6K1 (42) . In the present study we made use of a highly selective inhibitor of p70S6K1, PF-4708671. This compound does not inhibit the activity of S6K2 or a panel of 87 other protein and lipid kinases, with the exception of MSK1 (43) .
PF-4708671inhibitedinsulin-andanisomycin-inducedphosphorylation of rpS6, rictor, and eIF4B. However, rictor phosphorylation was more sensitive PF-4708671, as compared with rpS6, suggesting that it is an inferior substrate of the kinase and FIGURE 7. Inhibition of p70S6K1 maintains insulin action in retinas upon JNK activation. A, HEK293E cells were serum-deprived for 2 h and treated with 0.1-10 M PF-47086 for the last 30 min to inhibit p70S6K1. Cells were then treated with insulin (100 nM) for 30 min as indicated. B, cells were serum-deprived and treated with PF-47086 (10 M) to inhibit p70S6K1. Cells were then treated with anisomycin and/or insulin as indicated for 30 min. C, S6K1/2 knock-out MEF were transfected with HA-tagged S6K1, HA-tagged S6K2, or an EV control followed by serum deprivation (SFM) and treatment with insulin and anisomycin as described above. Phosphorylation of rpS6 on Ser-240/244, rictor on Thr-1135, and eIF4B on Ser-422 as well as expression of Akt, IRS-1, GAPDH, and HA-tagged S6K1/2 were assessed by Western blotting. Blots shown in A-C are representative of three independent experiments; within each experiment three independent samples were analyzed. D, explant tissue culture was used to study insulin action in retina without the influence of the blood-retinal barrier. Mouse retinas were removed and incubated in tissue culture medium in either the presence or absence of PF-4708671 (10 M) for 15 min. Retinas were treated with anisomycin (20 M) and/or insulin (100 nM) as indicated for 30 min. Phosphorylation of Akt on Ser-473, p70S6K1 on Thr-421/Ser-424, and c-Jun on Ser-63 were evaluated by Western blotting. Values are the means Ϯ S.E. Statistical significance is denoted by the presence of different letters above the scatter plots on the graphs. Scatter plots with different letters are statistically different; p Ͻ 0.05. Results in D are representative of two experiments; within each experiment, two or three independent samples were analyzed. Protein molecular mass in kDa is indicated at the left of the blots. E, working model for the mechanism whereby a Western diet attenuates insulin action in the retina.
principally phosphorylated when p70S6K1 is most active. The vast majority of studies evaluating the effect of autoinhibitory domain phosphorylation on p70S6K1 activity have assessed immune complex kinase activity toward an rpS6 C-terminal peptide (e.g. Refs. 30 and 44). Thus, little is known with regard to the impact of this domain on the phosphorylation of other p70S6K1 targets. To evaluate the role of JNK-mediated autoinhibitory domain phosphorylation on p70S6K1 activity, we expressed variants of the kinase containing phosphomimetic substitutions in the C terminus in combination with the T389E or T389A mutation. Notably, rictor phosphorylation was specifically enhanced by the D 3 E/T389E variant as compared with the T389E variant. Thus, JNK-mediated phosphorylation of the p70S6K1 autoinhibitory domain may shift substrate specificity of the kinase in favor of rictor by modulating access to the kinase domain.
Although diabetic retinopathy is more traditionally associated with the vascular lesions that accompany the later stages of this disease, numerous reports have conclusively demonstrated that neuro-retinal function is impaired before the onset of microvascular complications (for review, see Ref. 45 ). Accordingly, therapeutic approaches that prevent neuro-retinal dysfunction are of particular interest. One such approach would be to maintain insulin action in the retina, as impaired insulin signaling in the retina contributes to diabetes-induced neurodegeneration and blindness (25, 35, 46) . This study identifies the JNK/S6K1 axis as a potential molecular target to maintain insulin action in retina and prevent complications associated with diabetic retinopathy.
Experimental Procedures
Animals-10-Week-old C57BL/6 male mice were obtained from Charles River. They were maintained on a 12:12-h reverse light dark cycle. Mice were fed ad libitum for 2 weeks, 4 h per day either a control (TD 08485) or a Western (TD 88137) diet containing 42% kcal from fat and 34% kcal from sucrose (Envigo). Mice were anesthetized by isoflurane inhalation 16 h after the previous feeding to control for acute effects of diet. Retinas were flash-frozen in liquid nitrogen, and lysates were prepared as previously described (47) . Protein concentrations were assessed by the Bradford assay, and supernatants were combined with a 2ϫ Laemmli buffer, boiled for 5 min, and analyzed via Western blotting.
Ex Vivo Retina Tissue Culture-For retinal explants, mice were fed the control diet ad libitum for 2 weeks before retinal extraction. Retinas were harvested and placed directly into Dulbecco's modified Eagle's medium (DMEM) containing 5.6 mmol/liter glucose, 10% FBS, and 1% penicillin-streptomycin. Retinas were rocked continuously for 15 min in a humidified atmosphere consisting of 5% CO 2 at 37°C and 5% CO 2 . Where indicated, retinas were treated with 10 M PF-4708671 for 15 min before exposure to 100 nM insulin and/or 20 M anisomycin for 30 min and homogenized as described above.
Cell Culture-HEK293E, S6K1/2 wild-type (WT), S6K1/2 double knock-out (DKO), JNK1 Ϫ/Ϫ , and JNK1 ϩ/ϩ mouse embryonic fibroblasts (MEF) were maintained in DMEM supplemented with 5.6 mmol/liter glucose, 10% FBS, and 1% penicillin-streptomycin. S6K1/2 WT and DKO MEF were kind gifts from Dr. Sara Kozma (University of Cincinnati). JNK1 Ϫ/Ϫ and JNK1 ϩ/ϩ MEF were kindly provided by Dr. Michael Karin (University of California, San Diego). For S6K1/2 and JNK1 overexpression studies, cells were transfected with Lipofectamine 2000 as previously described (48) . Plasmids for expression of FLAG-MKK7-JNK1 (active JNK) and the FLAG-MKK7-JNK1 APF variant (inactive JNK) were obtained from Dr. Rodger Davis (University of Massachusetts Medical School) via Addgene. Plasmids for expression of HA-tagged p70S6K1 as well as T389E, D 3 E, T389E/D 3 E, and T389A/D 3 E variants were generously provided by Dr. John Blenis (Weill Cornell Medicine). The plasmid for expression of HA-tagged S6K2 was also obtained from Dr. Blenis via Addgene. Where indicated, cells were serum-deprived for 2 h, after which the following were added to the medium for 30 min: 10 nM TORIN2 (TOCRIS Bioscience), 100 nM rapamycin (Sigma), 0.1-10 M PF-4708671 (Sigma), 20 M anisomycin (Sigma), 100 nM insulin (Lilly), and 10 ng/ml IGF-1 (Sigma). For cell culture experiments, all inhibitors were prepared in the vehicle dimethyl sulfoxide (DMSO). As a vehicle control, cells were treated with DMSO in the absence of inhibitors. The cells were washed with sterile PBS, harvested in 200 l of 1ϫ Laemmli buffer, and boiled for 5 min before analysis by Western blotting.
Western Blotting Analysis-Lysates were fractionated using Criterion Pre-cast 4 -20% gels (Bio-Rad). Proteins were transferred to PVDF, and the membrane was blocked in 5% milk, washed in TBST, and incubated with the appropriate primary antibody and secondary antibodies (see Table 1 ). The antigenantibody interaction was visualized by enhanced chemiluminescence using a ProteinSimple Fluorochem E imaging system (Santa Clara, CA). Blots were quantified using Image J Software (NIH, Bethesda, MD). Statistical Analysis-Data are expressed as the mean Ϯ S.E. Student's t test or one-way analysis of variance was used to analyze signaling data. Fischer's LSD test was used to identify specific differences if a significant overall F-value was observed after one-way analysis of variance. Relationships were determined by Pearson product moment correlation analysis. Significance was set at p Ͻ 0.05 for all analyses.
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